The negative immune regulator Tollip inhibits the proinflammatory response to rhinovirus (RV) infection, a contributor to airway neutrophilic inflammation and asthma exacerbations, but the underlying molecular mechanisms are poorly understood. Tollip may inhibit IRAK1, a signaling molecule downstream of ST2, the receptor of IL-33. This study was carried out to determine whether Tollip downregulates ST2 signaling via inhibition of IRAK1, but promotes soluble ST2 (sST2) production, thereby limiting excessive IL-8 production in human airway epithelial cells during RV infection in a type 2 cytokine milieu (e.g., IL-13 and IL-33 stimulation). Tollip-and IRAK1-deficient primary human tracheobronchial epithelial (HTBE) cells and Tollip knockout (KO) HTBE cells were generated using the shRNA knockdown and CRISPR/ Cas9 approaches, respectively. Cells were stimulated with IL-13, IL-33, and/or RV16. sST2, activated IRAK1, and IL-8 were measured. A Tollip KO mouse model was utilized to test if Tollip regulates the airway inflammatory response to RV infection in vivo under IL-13 and IL-33 treatment. Following IL-13, IL-33, and RV treatment, Tollip-deficient (vs. -sufficient) HTBE cells produced excessive IL-8, accompanied by decreased sST2 production but increased IRAK1 activation. IL-8 production following IL-13/IL-33/RV exposure was markedly attenuated in IRAK1-deficient HTBE cells, as well as in Tollip KO HTBE cells treated with an IRAK1 inhibitor or a recombinant sST2 protein. Tollip KO (vs. wild-type) mice developed exaggerated airway neutrophilic responses to RV in the context of IL-13 and IL-33 treatment. Collectively, these data demonstrate that Tollip restricts excessive IL-8 production in type 2 cytokine-exposed human airways during RV infection by promoting sST2 production and inhibiting IRAK1 activation. sST2 and IRAK1 may be therapeutic targets for attenuating excessive neutrophilic airway inflammation in asthma, especially during RV infection.
Collectively, these data demonstrate that Tollip restricts excessive IL-8 production in type 2 cytokine-exposed human airways during RV infection by promoting sST2 production and inhibiting IRAK1 activation. sST2 and IRAK1 may be therapeutic targets for attenuating excessive neutrophilic airway inflammation in asthma, especially during RV infection.
Introduction
Rhinovirus (RV) infection increases neutrophilic airway inflammation and triggers asthma exacerbations in both children and adults [1] [2] [3] , but the underlying mechanisms are not completely understood. Toll-interacting protein (Tollip), an adaptor protein, serves as a negative regulator of Toll-like receptor (2, 4) and IL-1 receptor signaling [4, 5] . Tollip inhibits IL-1 and LPS-induced NF-κB activation and proinflammatory cytokine responses [6] . In humans, the Tollip rs5743899 single nucleotide polymorphism has been associated with increased susceptibility to tuberculosis infection [7] and cutaneous leishmaniasis [8] . Our research group has shown that Tollip rs5743899 is associated with reduced Tollip expression in human airway epithelial cells and worse lung function in asthmatic subjects [9] . However, the mechanisms whereby Tollip regulates airway inflammation during RV infection in asthma or allergic airway diseases remain to be fully established.
Asthma is mainly driven by type 2 immunity, as both IL-13 and IL-33 play key roles in the disease [10, 11] . While Tollip inhibits IL-1R-mediated signaling, IL-33 enhances this signaling pathway and drives type 2 as well as non-type 2 (e.g., neutrophilic) inflammation [12] . The receptor of IL-33 consists of ST2 (IL-1RL1) and IL-1 receptor accessory protein (IL-1RAP). ST2 exists in two major isoforms: membrane ST2 (ST2, ST2L) and soluble ST2 (sST2), both arising from a single gene (Il1rl1) by alternative splicing [13] . Polymorphism in the Il1rl1 gene is associated with an increased risk of asthma [14] , and epithelial ST2 expression is increased in severe asthma in association with type 2 inflammation [15] . Interestingly, Tollip-deficient mice under intranasal IL-13 challenge develop excessive eosinophilic airway inflammation through a mechanism that involves ST2 signaling in lung macrophages [16] . Furthermore, IL-13 has been reported to increase ST2 expression in human airway epithelial cells [17] , and we have previously shown that Tollip deficiency in airway epithelial cells promotes IL-8 production in response to IL-13 especially during RV infection [9] . Nonetheless, the functional role of Tollip in airway inflammation (e.g., regulation of epithelial sST2) during viral infection remains unclear.
Because Tollip interacts directly with IRAK1 and inhibits its activation [18] , deficient Tollip expression in epithelial cells could lead to increased IRAK1 signaling under type 2 cytokine stimulation and RV infection, which would increase IL-8 (a neutrophil chemokine) production and promote excessive airway inflammation. Therefore, we hypothesized that Tollip downregulates RV-mediated IL-8 production in a type 2 cytokine milieu by modulating the IL-33/ST2 signaling axis (e.g., sST2 expression and IRAK1 activation) in human airways. Human primary airway epithelial cell cultures and mouse models were used to test our hypothesis in order to provide a novel mechanism detailing how Tollip inhibits IL-8 production to limit excessive inflammation during RV infection in a type 2 cytokine milieu that is reflective of a subset of asthma.
Materials and Methods

Reagents
Recombinant human IL-13, IL-33, and human ST2-Fc chimeras were purchased from R&D Systems (Minneapolis, MN, USA). Recombinant mouse IL-13 and IL-33 proteins were from PeproTech (Rocky Hill, NJ, USA). Goat and mouse anti-human Tollip, mouse anti-human IRAK1, and mouse anti-β-actin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). A rabbit anti-human IRAK1 (Phospho-Thr209) antibody was obtained from Aviva Systems Biology (San Diego, CA, USA). The goat anti-human ST2 antibody was obtained from R&D Systems. The IRAK1/4 inhibitor N-(2-morpholinylethyl)-2-(3-nitrobenzoylamido)-benzimidazole [19] was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Isolation of Human Tracheobronchial Epithelial Cells
Human tracheobronchial epithelial (HTBE) cells were isolated, as previously described [20] , from deidentified donor lungs under a protocol approved by the Institutional Review Board at National Jewish Health. The selected donor lungs, obtained from the International Institute for the Advancement of Medicine (Edison, NJ, USA), were from nonsmokers with no prior history of lung disease and who died from accident-related causes including trauma or cerebrovascular injury. The HTBE cells were isolated by enzymatic digestion from the distal region of the trachea and proximal parts of the main bronchi.
Freshly isolated HTBE cells were cultured 4-5 days in collagen I-coated 60-mm tissue culture dishes containing 4 mL of BronchiaLife TM culture medium (Lifeline Cell Technology, Frederick, MD, USA) containing the following supplements: L-glutamine (6 mM), human serum albumin (500 µg/mL), linoleic acid (0.6 µM), lecithin (0.6 µg/mL), extract P TM LifeFactor (0.4%), epinephrine (1 µM), transferrin (5 µg/mL), triiodothyronine (10 nM), hydrocortisone (0.1 µg/mL), recombinant human epidermal growth factor (5 ng/mL), recombinant human insulin (5 µg/mL), gentamycin (30 mg/mL), and amphotericin B (15 µL) (Lifeline Cell Technology). Stocks of HTBE cells were harvested and frozen in liquid nitrogen, at a density of 5 × 10 5 cells/mL in complete BronchiaLife TM medium supplemented with 20% FBS (fetal bovine serum) and 10% dimethyl sulfoxide.
Preparation of RV
Human RV type 16 (RV16) and RV type 1B (RV1B) were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). The viruses were propagated in H1-HeLa cells, purified, and titrated as previously described [21] .
Preparation of shRNA-Encoding Lentiviruses
Lentiviral expression vectors encoding human Tollip or IRAK1-targeting shRNA, or control (scrambled) shRNA, were obtained from GeneCopoeia (Rockville, MD, USA) and were packaged into lentivirus using the Lenti-Pac TM HIV Expression Packaging Kit (GeneCopoeia). Briefly, 293FT cells were seeded at 0.8 × 10 6 cells/60-mm culture dish in 4 mL of Dulbecco's modified Eagle's medium containing 10% FBS but no antibiotics. At 70-80% confluence, the cells were cotransfected with the lentiviral constructs and packaging plasmids following the manufacturer's instructions. Culture supernatants containing freshly packaged lentivirus were serially harvested 40 and 60 h after transfection and were centrifuged at 1,000 g for 10 min at 4 ° C to remove cell debris. The clarified lentivirus supernatants were supplemented with 8 µg/ mL polybrene and used immediately for transduction of shRNA in HTBE cells.
Generation of Tollip-Deficient and Tollip-Sufficient Primary HTBE Cells
HTBE cells from 4 individual donors were seeded at passage 1 into collagen-coated 6-well plates at a density of 10 5 cells/well in 3 mL of BronchiaLife TM medium containing all supplements but no gentamycin or amphotericin B. After 48 h, the cultures reached 60% confluence. At this time, the cells were transduced twice, 24 h apart, with freshly harvested lentivirus encoding Tollip-specific shRNA or control (scrambled) shRNA (GeneCopoeia) to generate Tollip-deficient and Tollip-sufficient HTBE cells, respectively. Specifically, at each time point, the culture medium was removed from each well and was replaced with 1.5 mL of freshly harvested lentivirus supernatant supplemented with polybrene (8 µg/mL). The plates were then centrifuged at 2,000 rpm for 30 min at 4 ° C, and incubated at 37 ° C for 1 h, followed by removal of the lentivirus suspension and addition of 3 mL of BronchiaLife TM medium to each well. The transduced cells were allowed to grow for 48 h, reaching about 90% confluence, before harvest and seeding into 12-well plates for the experiments.
Generation of IRAK1-Deficient Primary HTBE Cells
To establish a stable IRAK1-deficient primary HTBE cell line, we transduced primary HTBE cells with shRNA targeting human IRAK1 (GeneCopoeia), using lentivirus as described above for Tollip knockdown. Control HTBE cells were transduced with lentivirus encoding scrambled (control) shRNA. After transduction, the cells were harvested and seeded onto irradiated puromycinresistant 3T3 fibroblasts in culture medium supplemented with 5 µM of the Rho-associated protein kinase inhibitor Y-27632 (APExBIO, Houston, TX, USA). Puromycin (1 µg/mL) was added to the culture medium for selection, and the medium with supplements was changed every other day. After 6 days of expansion, the selected HTBE cells were harvested and established as the IRAK1-deficient cell line after confirming IRAK1 knockdown by Western blotting.
Generation of Tollip CRISPR Knockout Primary HTBE Cells
Tollip knockout (KO) HTBE cells were generated using the CRISPR/Cas9 method [22] , and a single guide (sg) RNA (sgRNA sequence: 5′-TCACCGCGTAGGACATGACG-3′) was designed to target human Tollip. A scrambled sgRNA guide was used for control CRISPR HTBE cells [23] . The designed sgRNAs were cloned into "all-in-one" pLenti-CRISPR vector coexpressing the scaffold RNA and Cas9 nuclease along with a puromycin resistance gene. The construct was sequenced to confirm the correct sgRNA sequence and packaged into lentivirus by cotransfection with VSV-G and psPAX2 plasmids in 293FT cells. The packaged lentivirus, freshly harvested in the culture supernatant, was transduced into 60% confluent HTBE cells, as described above (under Generation of Tollip-Deficient and Tollip-Sufficient Primary HTBE Cells). After 48 h of recovery, the transduced cells were harvested and seeded onto irradiated, puromycin-resistant 3T3 fibroblasts for expansion and selection with puromycin (1 µg/mL). Tollip KO was confirmed by Western blotting.
Treatment of HTBE Cells
For submerged cultures, HTBE cells (at passage 2) were seeded into collagen-coated 12-well plates at a density of 1 × 10 5 cells/well in 1 mL of complete BronchiaLife TM medium and grown for 1 day before treatment. For differentiated cell cultures, HTBE cells (at passage 2) were seeded into collagen-coated Transwell inserts in PneumaCult-ALI Medium (STEMCELL Technologies, Vancouver, BC, Canada) and grown at the air-liquid interface for 14 days to induce mucociliary function. Thereafter, the cells were pretreated with medium alone (control) or with IL-13 (10 ng/mL, on days 1 and 3), to mimic an asthma-like environment with upregulated ST2 on airway epithelial cells, and were subsequently treated (on day 5) with IL-13 (10 ng/mL), IL-33 (10 ng/mL), or a combination of IL-13 and IL-33 (10 ng/mL each) in the absence (IL-13 + IL-33) or in the presence of RV16 infection at a suboptimal dose of 0.2 MOI (RV + IL-13 + IL-33). Control cultures remained untreated or were infected only with RV16 (Fig. 1a) . The doses of cytokine and RV were selected from preliminary dose-response experiments (online suppl. Fig. S1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000497072).
For infection, the cells were washed with Dulbecco's phosphate-buffered saline (D-PBS) and incubated with the virus, suspended in 200 µL D-PBS supplemented with 0.25% bovine serum albumin (BSA), for 30 min at room temperature, followed by 90-min incubation at 34.5 ° C to allow for virus adsorption and entry into the cells. Uninfected cultures were similarly exposed to 200 µL D-PBS containing 0.25% BSA. After this, the inoculum was removed and the cells were washed twice with D-PBS before addition of fresh culture medium (1 mL/well) without or with cytokines. Analyses were carried out 48 h after RV infection.
ST2 Promoter Activity
HTBE cells were transfected with luciferase plasmid constructs expressing the distal or proximal promoter of human ST2 (provided by Dr. Tago, Jichi Medical University, Shimotsuke, Japan) [24] , or promoter-less luciferase plasmid, using Effectene Transfection Reagent (Qiagen, Germantown, MD, USA), and pRL-TK plasmid containing Renilla luciferase (Promega, Madison, WI, USA) to standardize for transfection efficiency. Luminescence was measured as relative luminescence units in a Promega Glomax Multi Detection Plate Reader (Promega). Luciferase activity was measured in cell lysates, harvested 48 h after treatment, using the Dual-Luciferase Reporter Assay System (Promega). Firefly luciferase activity was normalized to Renilla luciferase activity for each sample, and normalized values were expressed as fold luminescence intensity relative to promoterless luciferase intensity.
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Western Blotting Cells were lysed with cold radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors (Thermo Fisher). The protein lysates were separated by SDS-PAGE, transferred onto a nitrocellulose membrane, and probed with the following specific primary antibodies: goat or mouse anti-human Tollip (Santa Cruz Biotechnology, Dallas, TX, USA), goat antihuman ST2 (R&D Systems), rabbit anti-human p-IRAK1 (Aviva Systems Biology), mouse anti-human IRAK1 (Santa Cruz), and mouse anti-β-actin (Santa Cruz). The primary antibodies were detected with horseradish peroxidase-conjugated secondary antibodies against goat, rabbit, and mouse antibodies (GE Healthcare Life Sciences, Pittsburgh, PA, USA). Protein expression was quantified by densitometry.
Enzyme-Linked Immunosorbent Assay IL-8 was measured in cell culture supernatants using a commercial kit, per the manufacturer's instructions (R&D Systems).
Mouse Model of IL-13/IL-33 Treatment and RV1B Infection
Tollip KO mice on a C57/BL6 background were obtained from Dr. Liwu Li at Virginia Polytechnic Institute and State University, and bred at the National Jewish Health Biological Research Center. Wild-type (WT) C57/BL6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). The mice were maintained and bred in the animal facility at the Biological Resources Center of National Jewish Health. All animals and procedures were used under an approved Institutional Animal Care and Use protocol.
Tollip KO and WT C57BL/6 mice (n = 5-8 per group) were pretreated with recombinant mouse IL-13 (250 ng) or BSA on days 1 and 2 (Fig. 1b) to mimic the human epithelial cell culture model. On day 3, the mice were either administered 500 ng BSA (BSA group), inoculated with RV1B ( 
Statistical Analysis
Normally distributed data were analyzed using two-way ANO-VA with Tukey's test for multiple comparisons of the groups. Data that were not normally distributed were analyzed using a nonparametric Kruskal-Wallis test. A p value < 0.05 was considered statistically significant.
Results
Tollip Restricts Excessive IL-8 Production during RV Infection in Type 2 Cytokine-Treated HTBE Cells
To define the role of Tollip in epithelium-driven airway inflammation, we generated Tollip-deficient and Tollip-sufficient primary HTBE cells using the shRNA knockdown approach and examined IL-8 production in response to type 2 cytokines and RV infection. Western blot analysis confirmed that Tollip was effectively abolished in HTBE cells, from all 4 donors, following lentiviral transduction with Tollip-specific shRNA as compared with control shRNA (Fig. 2a) . Compared to Tollip-sufficient cells, Tollip-deficient cells produced excessive amounts of IL-8 following stimulation with type 2 cytokines (Fig. 2b) . Interestingly, while IL-33 increased IL-8 production in Tollip-deficient (vs. -sufficient) cells pretreated with IL-13, this IL-8 response was further enhanced with RV infection (p < 0.001). Of note, RV infection alone at the low dose we used did not significantly increase IL-8 in untreated cells, or after pretreatment with IL-13 (data not shown). In parallel, the amounts of virus recovered in the culture supernatants were significantly higher for Tollip-deficient cells than for Tollip-sufficient cells, following RV infection under IL-13 + IL-33 stimulation (Fig. 2c) . In fully differentiated HTBE cultures, the effect of Tollip deficiency on an exaggerated IL-8 response was significant only in IL-13/IL-33/RV-treated cells (Fig. 2d) , but did not reach statistical significance with the other treatments, a limitation that may be explained by the small number of donors (n = 3) and the low dose of RV (0.2 MOI) used. Overall, these data indicate that Tollip restricts excessive human airway IL-8 production in response to type 2 cytokines, especially during RV infection.
IRAK1 Activation Is Increased in Tollip-Deficient HTBE Cells following RV Infection in the Presence of Type 2 Cytokines
Tollip is known to interact directly with IRAK1 and inhibits its activity [17] . We next examined whether IRAK1 activation was increased in parallel with IL-8 overproduction in Tollip-deficient cells under type 2 cytokines, particularly during RV infection. As shown in Figure 3 , IRAK1 activity, as detected by the p-IRAK1/ IRAK1 ratio, was significantly increased in Tollip-deficient cells compared to Tollip-sufficient cells during RV infection in the presence of IL-13 and IL-33. These data revealed that IL-8 overproduction in Tollip-deficient cells was associated with increased IRAK1 activation. 
IL-8 Production Is Dependent on IRAK1 Activation in HTBE Cells
To determine if IL-8 production is dependent on IRAK1 levels in HTBE cells, we generated a stable IRAK1-deficient primary HTBE cell line and examined IL-8 production following RV infection in the presence of IL-13 and IL-33. As confirmed by Western blotting, IRAK1 expression was completely knocked down in HTBE cells following lentiviral transduction of IRAK1-specific shRNA (Fig. 4a) . Baseline IL-8 production was significantly reduced in IRAK1-deficient cells compared to IRAK1-sufficient cells (Fig. 4b) . However, unlike in IRAK1-sufficient cells, RV infection and IL-13 + IL-33 stimulation failed to increase IL-8 production in IRAK1-deficient cells, further demonstrating the requirement of IRAK1 for IL-8 production by these cells.
To further establish a role for IRAK1 activation in Tollip-regulated IL-8 production, we generated a Tollip KO HTBE cell line using the CRISPR/Cas9 method and examined the effects of an IRAK1/4 inhibitor on IL-8 production following infection with RV in the presence of IL-13 + IL-33. Tollip KO HTBE cells expressed normal levels of IRAK1 but lacked Tollip protein expression, confirming the Tollip KO phenotype (Fig. 5a) . When infected with RV in the presence of IL-13 + IL-33, Tollip KO HTBE cells produced significantly higher amounts of IL-8 than control CRISPR cells (Fig. 5b) , similar to those observed with Tollip shRNA knockdown. Importantly, IL-8 production was significantly reduced by treating Tollip KO HTBE cells with an IRAK1/4 inhibitor (Fig. 5c) , further implicating IRAK1 in the exaggerated IL-8 response by Tollip-deficient cells.
Tollip Promotes sST2 Production in HTBE Cells
To determine whether Tollip may regulate IL-8 production in the context of type 2 cytokines by modulating ST2 expression in HTBE cells, we examined ST2L and sST2 expression and compared the results between Tollip-deficient and Tollip-sufficient cells. We found low levels of ST2L protein expression that were comparable between the two cell types (data not shown). However, Tollip-deficient cells produced significantly less sST2 protein compared to Tollip-sufficient cells under type 2 cytokine stimulation and RV infection (Fig. 6a, b) . This finding suggests that Tollip's suppressive effect on IL-8 production could be linked to its promoting effect on sST2 production in HTBE cells.
Exogenous sST2 Attenuates IL-8 Overproduction in Tollip-Deficient Cells
Since Tollip-deficient cells secreted low amounts of sST2 but produced high levels of IL-8, we postulated that Tollip-regulated sST2 production might play a protective role by antagonizing IL-33, thereby reducing IL-8 production in HTBE cells. To test this concept, we pretreated Tollip KO HTBE cells with human sST2-Fc fusion protein or control IgG and examined the effects on IL-8 pro- (Fig. 6c) , implying a significant role for sST2 in the Tollip-regulated suppression of excessive IL-8 production by airway epithelial cells.
Tollip Promotes Proximal ST2 Promoter Activity in HTBE Cells
The transcription of ST2 can be initiated from two distinct promoters on the Il1rl1 gene: the distal promoter and the proximal promoter. Since Tollip promoted sST2 production (Fig 6a, b) , we sought to determine which promoter of the Il1rl1 gene is preferentially activated in Tollip-deficient HTBE cells under RV infection in the presence of type 2 cytokines. As shown in Figure 6d , the proximal promoter of ST2 was preferentially activated under these conditions, establishing a predominant role for this promoter in driving sST2 production in HTBE cells. However, in Tollip KO HTBE cells, as compared to control HTBE cells, this proximal ST2 promoter activity was significantly reduced under IL-13 + IL-33 with RV infection. These findings are in line with the reduced sST2 production by Tollip-deficient cells and further demon- strate that Tollip promotes the activity of the proximal ST2 promoter, which was shown to contribute to sST2 production in fibroblasts [23] .
Tollip Inhibits the Airway Neutrophilic Response to RV Infection in Mice Treated with IL-13 and IL-33
To test if Tollip limits the development of an exaggerated airway neutrophilic response to type 2 cytokines during RV infection in vivo, we examined the cellular inflammatory response that developed in the airways of Tollip KO and WT mice following intranasal administration of IL-13 and IL-33 and RV1B infection. No statistically significant difference was detected between Tollip KO and WT mice in total, or differential cell counts following intranasal administration of BSA or RV1B infection (Fig. 7) .
In the absence of infection, IL-13 + IL-33 treatment elicited a predominant eosinophilic response in the airways of Tollip KO mice (Fig. 7a) , whereas neutrophils predominated in the airways of WT mice similarly treated with IL-13 + IL-33 (Fig. 7b) . However, after RV1B infection, IL-13 + IL-33-treated Tollip KO mice developed an exaggerated airway neutrophilic (not eosinophilic) response that was significantly greater than in WT mice treated with IL-13 + IL-33 (Fig. 7b) . The RV1B load in BAL fluid was not significantly different in the absence or presence of IL13 + IL-33 treatment (Fig. 7f) .
Discussion
The current study demonstrated that in primary human airway epithelial cells, Tollip deficiency led to excessive production of IL-8 in the presence of IL-13 and IL-33 that was further enhanced with RV infection. In vivo, Tol- lip KO mice developed an exaggerated airway neutrophilic inflammation following concomitant RV infection and treatment with IL-13 and IL-33, establishing an important role for Tollip in limiting excessive neutrophilic airway inflammation during RV infection, especially in a type 2 cytokine environment. Using several genetic and molecular approaches, we further revealed potential mechanisms in airway epithelial cells. We found that the enhanced IL-8 response in Tollip-deficient cells was associated with less sST2 and increased IRAK1 activation. Importantly, administration of sST2 and inhibition of IRAK1 reversed the promoting effect of Tollip deficiency on IL-8 production. These results identified the upregulation of sST2 and downregulation of IRAK-1 by Tollip as new mechanisms for Tollip-regulated suppression of IL-8 production in human airway epithelial cells.
IRAK1 is typically associated with Toll-like receptor and IL-1 receptor signaling [25] and plays an important role in the innate immune response to pathogens. IRAK1 is also involved in IL-33-mediated signaling via its receptor consisting of ST2 (IL-1RL1) and IL-1 receptor accessory protein (IL-1RAP) [26] . In the present study, we found low levels of ST2L that were similar for both Tollipsufficient and Tollip-deficient HTBE cells (data not shown). However, the levels of secreted sST2 were significantly reduced in Tollip-deficient cells, which produced excessive amounts of IL-8 compared to Tollip-sufficient cells. This finding led us to propose that sST2 might play a negative feedback role, thus contributing to Tollip-regulated control of IL-8 production. Indeed, provision of exogenous human sST2 (sST2-Fc protein) to Tollip-deficient HTBE cells attenuated IL-8 overproduction during RV infection in the presence of IL-13 and IL-33. These data identified a novel mechanism whereby Tollip may restrict IL-8 production in airway epithelial cells, which suggests the need of a combinative approach (blocking IRAK1 and adding sST2) to prevent excessive neutrophilic inflammation during RV infection in airways exposed to type 2 cytokines, such as in asthma.
sST2 acts mainly as a decoy receptor to IL-33 [27] ; hence, it can protect ST2-expressing immune cellsnamely, type 2 innate lymphoid cells (ILC2), mast cells, and a subset of Th2 cells -from producing excessive amounts of type 2 cytokines in the presence of IL-33. Conceivably, while sST2 from epithelial cells may act in an autocrine fashion to attenuate IL-33 signaling within the epithelium, it may also act in a paracrine fashion to inhibit IL-33-mediated type 2 cytokine production by effector immune cells in vivo. In this regard, given its extensive coverage of the airways, the epithelium is expected to play a major role in this regulation by secreting large amounts of sST2 that would dampen IL-33-driven airway inflammation. In our study, the strong inhibition of IL-8 production with exogenous sST2 is likely mediated through direct antagonism of exogenous IL-33 added to the culture.
How sST2 production by human airway epithelial cells is regulated has not yet been established. The transcription of ST2 can be initiated from two regions of the Il1rl1 gene promoter: the distal promoter and the proximal promoter. In the human fibroblast cell line TM1, ST2 transcription appears to be initiated at least partly by STAT3 binding to the proximal promoter, leading to sST2 production [28] . Our finding that HTBE cells produced mainly sST2 suggested a preferential activation of the proximal ST2 promoter in these cells. This was further confirmed by the demonstration of selective activation of the proximal ST2 promoter in HTBE cells under RV infection with type 2 cytokines. We also found that IL-13 can directly activate STAT3 (online suppl. Fig. S2 ), a previously known effect on monocytes [29] , which provides a link to IL-13-mediated activation of the proximal ST2 promoter in HTBE cells. Since Tollip appears to promote sST2 production in these cells, one might speculate that Tollip may also facilitate STAT3 activation, perhaps through interaction with -and targeted proteasomal degradation of -SOCS3, a known inhibitor of STAT3 activation [30] .
The functional role of sST2 in asthma, whether protective or deleterious, has not yet been addressed. Some studies reported increased levels of sST2 in serum and induced sputum of young asthmatic subjects in correlation with disease severity [31] , while others found that serum sST2 levels were predictive of subsequent asthma development in wheezing preschool-age children [32] . A recent study found reduced levels of sST2 in serum of asthmatic children with documented RV infection, and these levels were further decreased in association with lower vitamin D3 levels [33] , suggesting either that RV downregulates sST2 production or that low sST2 levels may predispose to RV infection/colonization of asthmatic airways. In animal models of allergic airway disease, sST2 showed beneficial anti-inflammatory effects [34, 35] . Our in vitro data, in which exogenous human sST2 inhibited IL-8 production, are in support of such a protective anti-inflammatory role. Our finding that IL-13 drives an anti-inflammatory response through sST2 production may seem paradoxical given its well-known proinflammatory roles in asthma. However, this may not be totally surprising, since other cytokines (e.g., IL-1 and TNF) can trigger soluble decoy receptors that counterregulate their proinflammatory activities [36] .
There are some limitations to our current study. First, because a selective IRAK1 inhibitor is currently unavailable, we used an IRAK1/4 inhibitor, which may also inhibit IRAK4 activity. The partial inhibition of IL-8 production by this inhibitor in our study is likely due to its relatively low activity on IRAK1 phosphorylation [37] . However, our IRAK1 shRNA knockdown approach demonstrated that IL-8 production was highly dependent on IRAK1 in our cell culture system. Moreover, IRAK4 activity is not required for IRAK1 activation [38] . Second, in the mouse model, although IL-13 + IL-33 treatment and exposure to RV translated the in vitro data in terms of airway inflammation (e.g., exaggerated neutrophilic response in Tollip KO mice), we have not been able to find a significant difference in sST2 levels between BAL fluid of Tollip KO mice and that of WT mice, because sST2 levels in murine BAL fluid are very low. In addition, we have not examined the in vivo effect of exogenous sST2 on the inflammatory response in the present study. Future work is needed to further establish the role of sST2 in this model.
Conclusions
The results of this study, together with our previous data [9] , emphasize the importance of Tollip in limiting the extent of neutrophilic inflammation in response to RV infection, especially in a type 2 cytokine milieu. We have previously shown that Tollip restricts RV replication through enhancement of autophagy [9] , which is in line with our observation of an increased viral load in RVinfected Tollip-deficient cells treated with IL-13 and IL-33. Both RV infection and IRAK1 are known to activate NF-κB, which in turn activates IL-8 transcription. Our current study identified further mechanisms whereby Tollip limits excessive IL-8 production in airway epithelial cells. One such mechanism is through the enhancement of sST2 production. A second mechanism involves the inhibition of IRAK1, a signaling molecule shown in this study to be essential for IL-8 production by human airway epithelial cells (Fig. 8) . These new findings may provide support for using sST2 and targeting IRAK1 as potential avenues for the therapeutic control of excessive inflammation in airway diseases such as asthma.
